A method to calculate the complex refractive index of a multicomponent liquid system is introduced into the retrieval of atmospheric columnar aerosol components from optical remote sensing data. The aerosol components comprise five species, 10 combining eight sub-components including black carbon (BC), water-soluble (WSOM) and water-insoluble organic matter (WIOM), ammonium nitrate (AN), sodium chloride (SC), dust-like (DU), and aerosol water in the fine and coarse modes (AWf and AWc). The uncertainty in the retrieval results is analyzed based on the simulation of typical models, showing that the complex refractive index obtained from instantaneous optical-physical inversion compares very well with that obtained from chemical estimation. The algorithm was used to retrieve the columnar aerosol components over China using the ground-based 15 remote sensing measurements from the Sun-sky radiometer Observation NETwork (SONET) in the period from 2010 to 2016.
The aerosol component classification
The aerosol component classification includes five principal species (black carbon (BC), organic matter (OM), inorganic salt (IS), aerosol water (AW), dust-like (DU) components). Three of these components are further sub-divided, i.e. organic matter is sub-divided into water-soluble (WSOM) and water-insoluble organic matter (WIOM), inorganic salt consists of ammonium 110 nitrate (AN) in the fine mode and sodium chloride (SC) in the coarse mode, and aerosol water is the water content in the fine and in the coarse mode. Thus there are eight sub-components as illustrated in figure 3. All of these aerosol components constitute a relatively complete system comparable to those used in chemical transport models.
The aerosol components are identified following three steps. The first step is separation of the aerosol into fine and coarse mode. For fine mode, the water-insoluble and water-soluble components are identified using an empirical function (Zhang et 115 al., 2018) , and then the subcomponents are separated using their hygroscopic and optical absorption properties. For coarse mode, the refractive index of hydrate (AWc and SC) is determined by hygroscopic growth, and then dust and hydrate in the https://doi.org/10.5194/acp-2019-1062 Preprint. Discussion started: 22 January 2020 c Author(s) 2020. CC BY 4.0 License. aerosol mixture are separated by the effective medium approximation. In these processes, the hygroscopic growth is determined by the parameter κ and effective densities of the aerosol subcomponents, and the aerosol mixture refractive index is calculated by that of the subcomponents and the mixing state. Key parameters of the forward model and references are listed in table 2.
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We notice that the effective densities for OC and DU reported from different studies cover a large range (Ganguly et al., 2009; McConnell et al., 2008; Wagner et al., 2012; Bond and Bergstrom, 2006) because they depend on the mixing ratios. We choose a widely cited study to obtain the effective density of aerosol components .
Complex refractive index in a multicomponent liquid system
The multiple water-soluble aerosol components together with the aerosol water make up a liquid system, with increased 125 complexity of the calculation of hygroscopic growth and complex refractive index. The κ-Köhler theory proposed by Petters and Kreidenweis (2007) can cope with the hygroscopicity of the multicomponent liquid system. In this theory, the water activity of aqueous atmospheric particulate matter can be represented by the functional form
where Vs is the volume of the dry particulate matter and Vw is the volume of the water. The activity of water in solution (aw) can be replaced with RH, because it is close to the relative humidity (RH) due to lower curvature effect (Tang, 1996) . The hygroscopicity parameter κ is defined through its effect on the water activity of the solution. In equation (1), the ratio of Vs to Vw can be further applied to the calculation of the volume fraction
where fi is the volume fraction of the ith individual component
where Vi is the volume of the ith individual component.
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In the multicomponent liquid system, the hygroscopicity parameter κ is given by the simple mixing rule = ∑
where κi is the hygroscopic parameter of the ith individual component which can be computed by the hygroscopic growth factor, and εi is the dry component volume fraction defined as 145 https://doi.org/10.5194/acp-2019-1062 Preprint. Discussion started: 22 January 2020 c Author(s) 2020. CC BY 4.0 License. = (5) Using equation (2) for the relationship between the volume fraction and the hygroscopicity parameter, the complex refractive index of the multi-component aerosol system can be further derived from the Lorentz-Lorenz relation (Heller, 1965) . Firstly, the molar refractivity (Ae) can be calculated from the refractive index and the volume fraction of the individual components
Where Ai is the molar refractivity of the ith individual component represented by
Then, the real and imaginary parts of the complex refractive index are obtained respectively by using the molar refractivity and the imaginary part of the complex refractive index of the ith individual component (ki).
Equations (8) and (9) apply to the estimation of the complex refractive index of a multi-component liquid system with hygroscopic growth.
Minimization procedure
In the particle, water-insoluble matter is regarded as inclusion and water-soluble matter as their environment. The Maxwell
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Garnett effective medium approximation (Schuster et al., 2005) is used to compute the effective permittivity of the particle in the fine or coarse mode,
Where, j is the number of water insoluble components and λ is the observed wavelength. εj(λ) and εe(λ) are the permittivities 170 of the inclusion and its environment. Meanwhile, the complex refractive index (m=n-ki) in the fine or coarse mode can be https://doi.org/10.5194/acp-2019-1062 Preprint. Discussion started: 22 January 2020 c Author(s) 2020. CC BY 4.0 License.
calculated from the permittivities.
In order to minimize the residual at multiple wavelengths between the complex refractive index estimates from the forward 175 model (m) and the retrievals (mrtrl), the function of Chi-square (χ 2 ) as an iterative kernel function can be written as
λ=440, 675, 870 and 1020 nm
For the minimum value of χ 2 , the volume fraction of aerosol component can be obtained by solving the above equations (10-12). Then, its mass concentration in the atmospheric column is calculated using to the volume and effective density of the 180 aerosol components.
Uncertainty analysis
In order to theoretically estimate the uncertainty of the inversion components, we choose three typical pollution cases in which the main pollutants are water soluble, biomass burning and dust aerosols, respectively, further referred to as WS, BB and DU pollution types. Each type is described by the different aerosol size distribution and refractive index parameters derived from 185 Zhang et al. (2017) . These parameters are listed in supplementary table S1. It should be noted that although the acronyms of the three pollution types are the same as the aerosol component names above, it does not mean that only a single aerosol component exists in this type. Figure 4 shows the aerosol volume size distribution, complex refractive index and eight aerosol components in these types as benchmarks. For the size distribution, the highest volume concentrations occur in the fine mode of the WS and BB types,
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whereas for the DU type it is in the coarse mode. For the complex refractive index, significant absorption occurs in the fine mode of the BB type, while relatively low absorption occurs in the other models. In the WS type, the mass fraction of AWf is close to 20% and for AN it is about 18%, significantly greater than for the other types. By comparison, the BC mass fraction in the BB type is close to 3%, and organic carbon is also high, with WSOM and WIOM mass fractions of 23% and 11%. In the DU type, the dust component is completely dominant, as expected, and the mass fractions of other components are less 195 than 2%.
Three main sources of model input parameter uncertainties include the RH and the complex refractive index in the fine and coarse modes. The errors caused by the inversion algorithm of the modal refractive index were discussed in detail in and are directly used here to estimate their effects on aerosol components. For RH, although WMO (2008) points out that its observation error is about 5%, here we introduce an even greater error (10%) to assess the uncertainty of estimated , 2008) . The accuracy of the retrieved nc needs to be improved in order to deal with the aerosol component inversion.
Results
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Aerosol component retrievals
The averaged mass fractions of the aerosol components measured at 16 SONET sites are presented in Figure 5 . Each subgraph is marked with the site name, location, and observation period. The pie charts show that the coarse mode mass fraction usually dominates (more than 50%) except for Guangzhou (44.4%), Haikou (44.6%) and Sanya (49.2%) . The mass fraction of the dust component is significantly higher than that of others, with a fraction of more than 50% at the western (Lhasa, Zhangye, Kashgar,
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Minqin and Xi'an), Beijing and Songshan sites, which is different from surface observations of chemical components (Zhang et al., 2012; Liu et al., 2014) . This is because the dust transport layer near 4 km (Proestakis et al., 2018) (Rosenfeld et al., 2001) . The inorganic salt fraction (AN and SC) gradually increases from north to south, which is consistent with the trend of the water content. The fraction of the AN sub-weakening of dust transport and the increase of moisture, the DU fraction has a minimum in the summer, with a median value of 116.3 mg m -2 . However, the DU concentration near the dust source area is still relatively high in the summer, which results in a large difference between upper and lower quartiles. On the contrary, the AN mass concentration mean value peaks in the summer (68.3 mg m -2 ), whereas a minimum occurs in the spring (47.9 mg m -2 ). It is worth noting that although the mean value in the winter is not high (51.6 mg m -2 ), the interval between the upper and lower quartiles of AN is the smallest in the winter.
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The minimum value of AN (22.7 mg m -2 ) is higher than in other seasons (6.7 mg m -2 in spring, 7.6 mg m -2 in summer, and 10.4 mg m -2 in autumn). The seasonal variation of the water content is slightly different from that of inorganic salts. The low values of mean AWf occur in the spring, while AWc is significantly lower in the winter (22.6 mg m -2 ) than in other seasons.
The difference between the upper and lower quartile of AWf in the summer is larger than in other seasons, indicating that the aerosol at some sites has a low hygroscopicity in the summer. OM mass concentration is slightly higher in the winter than that year with the longest time series from the Beijing site (see also Table 1 ). The annual mean mass concentration shown in Figure   8 is the average over all sites, i.e. the number of sites was not accounted for and, in particular in the earlier years (2010-2011), the annual mean may thus be representative for one (Beijing) or a few sites. Therefore, the annual means for each site available has been plotted as well. Figure 8 shows that the annual mean mass concentrations of most of the aerosol components in the fine mode increased in most of the first years and then decreased. Influenced by China's environmental control policies, the 285 mean AN decreased significantly from 80.8 mg m -2 in 2011 to 54.0 mg m -2 in 2016, i.e. a reduction by 26.8 mg m -2 . The yearly mass concentrations of AN at most sites also follow a downward trend, and AN in the southeast coastal sites are significantly higher than that in the northwest sites. In contrast, the mean BC mass concentration shows a peak (4.3 mg m -2 ) in 2011, drops in 2012 to the lowest value during the whole period (2.0 mg m -2 ), then increases somewhat to a second peak (2.8 mg m -2 ) in 2014. After a slight decrease in 2015, BC climbed to 2.6 mg m -2 again in 2016, the same as in 2010. In the southeast coastal 290 https://doi.org/10.5194/acp-2019-1062 Preprint. Discussion started: 22 January 2020 c Author(s) 2020. CC BY 4.0 License. and northwest sites, BC concentration was relatively low. The two unusually high values at Nanjing in 2014 and Shanghai in 2016 may be due to observational errors. Similar to BC, AWf also experienced a small fluctuation after a significant decline in 2012. The AWf in aerosol measured in the south sites are higher than that in other sites. The fine mode WIOM and WSOM components show different behaviour. WIOM reached a peak in 2011 and 2013, with the peak value of 41.1mg m -2 , and then showed a significant decline after 2013. WSOM also had two peaks, with a peak concentration of 35.8 mg m -2 in 2013, which 295 is 3 mg m -2 higher than the peak in 2011, and overall the concentrations increased. These results suggest that the policy of air pollution control in China is effective in controlling inorganic salts and WIOM aerosols, while WSOM still needs to be further controlled. The concentrations of the coarse mode aerosol components fluctuate somewhat during the observation period, with a slight peak in 2013. The concentration of each component in the coarse mode in the northwest sites is higher than that in other sites, which can be related to the high fraction of large particles. Due to the large influence of geographical factors on 300 the coarse mode aerosol components, DU in 2010 (only Beijing site) was significantly larger than in other years. Since 2014, the mean DU mass concentration has increased. In the last two years, the AWc shows an upward tendency, while the SC shows a downward tendency since 2013. Coarse mode aerosols usually derive from natural sources, and their variations can be associated with changes in meteorological conditions.
Interannual variation
Conclusions and discussions
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The accurate measurement of atmospheric aerosol components plays an important role in reducing the uncertainty of climate assessment. In the current study, we updated the refractive index calculation in a multi- we will design a verification experiment to comprehensively evaluate the results from our inversion method.
This method can be used not only for ground-based sun-sky photometer measurements, but also for other remote sensing 325 instruments (e.g. lidar), and even for satellite remote sensing in the future. Meanwhile, as long as measurements of multiwavelength extinction coefficients and aerosol particle size distributions are available, the inversion of atmospheric particulate matter composition can also be performed using comprehensive observations with multiple instruments near the surface.
Therefore, this method can be widely used in low-cost and wide-area measurements in the future, providing a possibility for obtaining the global distribution of aerosol composition. 
